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C o l l i s i o n a l  and c ra te r i ng  processes i n  the as te ro id  b e l t  
fundamentally determine t h e  phys ica l  character o f  the  as ter -  
oids, i nc lud ing  t h e i r  present numbers, s izes,  shapes, spins, 
i n t e r n a l  propert ies,  surface l a y e r  textures,  and surface 
topographies. Recent research on these top i cs  i s  review2d 
here, i n  t he  contex t  o f  both as te ro ida l  science and potel?- 
t i a l  mission-planning. Ground-based observat ional  cons t ra in t s  
on as te ro id  c o l l i s i o n a l  processes are  r e l a t i v e l y  weak and i n -  
d i r e c t .  What we be l ieve we understand about these processes 
r e s u l t s  l a r g e l y  from p re l im ina ry  attempts a t  t heo re t i ca l  
modeling and ex t rapo la t i on  o f  experiments f a r  beyond labora- 
t o r y  scales. Asteroids, i nc lud ing  the l a r g e r  ones, are  a 
thoroughly fragmented popu la t ion  o f  bodies i f  our  extrapola- 
t i ons  o f  labora tory  experiments t o  very l a rge  scales are  a t  
a l l  cor rec t .  I n t e r i o r s  o f  most l a r g e r  as tero ids  should be 
thoroughly f rac tured.  Surface regol  i ths are probably sub- 
s t a n t i a l ,  except on the smal les t  and s t rongest  bodies, b u t  
should be very poor ly  mixed i n  comparison w i t h  the l una r  
regol  i th.  Latera l  heterogenei t ies are  probably masked by 
recent e jec ta  deposits, except on the  smal les t  and l a r g e s t  
bodies. Phobos and Deimos are  probably not  saturated w i t h  
c ra ters ,  bu t  i n  any case do no t  prov ide exact analogs f o r  
as te ro ida l  c ra ter ing .  Astero id  c r a t e r  s t a t i s t i c s  wi 11 pro- 
v ide  chronological  in format ion p e r t i n e n t  t o  on l y  very recent  
epochs o f  so la r  system h i s to ry .  
INTRODUCTION 
The most important  process a f f e c t i n g  as tero ids  subsequent t o  the  e a r l y  epochs of s o l a r  
,ystem h i s t o r y  has been t h e i r  c o l l i s i o n a l  i n t e r a c t i o n  w i t h  each o the r  and w i t h  the complete 
s i  ze-spectrum o f  i n te rp lane ta ry  debr is.  O f  course our know1 edge o f  "geological  " processes 
on as tero ids  must be based on inferences from remote observat ion and we may be surpr ised 
once we examine an as te ro id  "up close." But most as tero ids  are very small and cannot re-  
t a i n  atmospheres o r  generate s u f f i c i e n t  i n t e r n a l  heat t o  d r i v e  geochemical o r  endogenic 
geomorphological processes throughout a major p o r t i o n  o f  s o l a r  system h i  s to ry .  Thus we 
expect t h a t  t he  geological  evo lu t i on  o f  as tero ids  has been governed, as has t h a t  o f  t he  
Moon f o r  the  l a s t  2-3 AE, by t h e i r  c o l l i s i o n a l  i n te rac t i ons .  
Understanding the  c o l l i s i o n a l  evo lu t i on  o f  as tero ids  i s  now arguably the most important  
p a r t  o f  as te ro ida l  science f o r  several reasons. F i r s t ,  near ly  every observable proper ty  o f  
asteroids can be shown t o  be determined by, o r  s u b s t a n t i a l l y  a f fec ted  by, c o l l i s i o n s .  
Astero id  sizes, shapes, and spins are be l ieved t o  be due t o  c o l l i s i o n a l  f ragmentat ion and 
inferences from te lescop ic  observations concerning as te ro id  surface compositions and tex- 
tu res  depend s u b s t a n t i a l l y  on the  nature  and evo lu t i on  p f  as te ro ida l  r e g o l i t h s .  A second 
reason f o r  studying as te ro id  co l  l i s i o n a l  evo lu t i on  i s  t h a t  c o l l i s i o n s  serve p a r t i a l l y  t o  
mask what as tero ids  might t e l l  us about the e a r l y  cond i t ions  dur ing the  accre t ionary  pe r iod  
of p,anet formation. A dominant reason f o r  s c i e n t i f i c  i n t e r e s t  i n  as tero ids  i s ,  a f t e r  a l l ,  
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t h a t  many of them are- -a t  l e a s t  compared w i t h  the  Moon and l a r g e r  p l a n e t s - - r e l a t i v e l y  p r i s -  
t i n e  and una l tered ob jec ts  t h a t  preserve c lues from the e a r l i e s t  epochs, provided We are 
ab le  t o  disentangle e f f e c t s  of subsequent c o l l i s i o n s .  F i n a l l y ,  i t  i s  be l ieved t h a t  the  
t r a i t s  o f  many meteor i tes have been shaped by evo lu t i on  i n  as te ro ida l  r e g o l i t h s  and t h a t  
the  d e l i  very o f  as te ro ida l  meteor i tes i n t o  Earth-crossing o r b i t s  invo lves c o l l  i siona l  f rag-  
mentation i n  the  main b e l t .  The study o f  as te ro id  c o l l i s i o n a l  and r e g o l i t h  product ion  
processes, as constrained by the proper t ies  of meteor i tes,  s$ould help us t o  i n t e r p r e t  
me teo r i t i ca l  evidence i n  a  p lane to log i ca l  context .  
A t  t he  h igh r e l a t i v e  v e l o c i t i e s  i n  the b e l t ,  c o l l i s i o n s  erode o r  f rac tu re  as tero ids  
as we l l  as c reate  r e g o l i t h s .  Asteroids are  u l t i m a t e l y  destroyed by catas t roph ic  fragmenta- 
t i ons  which i n  t u r n  "create" smal ler  as tero ids .  From the known diameters and o r b i t s  o f  
asteroids,  t y p i c a l  c o l l i s i o n  ra tes  among ob jec ts  may be r e a d i l y  ca lcu la ted.  More compl i- 
cated i s  spec i fy ing the phys ica l  outcome o f  a  c o l l i s i o n ,  depending on the r e l a t i v e  s i z e  o f  
the  c o l l i d i n g  bocmes and on t h e i r  phys ica l  nature  (e .g . ,  st rength) .  Gross bounds are  pro- 
vided by conservat ion o f  energy and s i m i l a r  considerat ions.  Thecre t ica l  and l abo ra to ry  
scale experimental studies of  c r a t e r i n g  and fragmentation physics have k e n  app l ied  t o  the 
problem, b u t  we have no p r a c t i c a l  experience w i t h  c o l l i s i o n s  o f  t he  magnitude t h a t  s h a r ~ e r  
la rge as tero ids .  Also, we have on ly  rough ideas about as te ro id  dens i t i es  and strengths.  
Astronomical observations o f  as te ro id  sizes, shapes, spins, and i n f e r r e d  su r face  composi- 
t ions  prov ide some help i n  modeling c o l l i s i o n a l  evo lu t i on  as do m e t e o r i t i c a l  inferences 
concernidlg shock pwssures and r e g o l i t h  processing, I n  summary, some important  bounds may 
be placed on as te ro id  c o l l i s i o n a l  evo lu t ion ,  but  d e t a i l s  remain a  mat ter  o f  informed spec- 
u la t i on .  
Several conclusions and important  g e n e r a l i t i e s  t h a t  w i l l  emerge from t h i s  paper are 
sumnari zed here: 
1. C o l l i s i o n  ra t?s  and k i n e t i c  energies are  s u f f i c i e n t  t o  fragment 
most as tero ids  we l l  w i t h i n  the l i f e t i m e  o f  the  s o l a r  system; 
thus most as tero ids ,  except ing perhaps on ly  the very l a rges t ,  
a re  o f  a  fragmental nature. 
2. Many as tero ids  i n  excess of 100 km diameter are  probably tho r -  
oughly f rac tu red  throughout t h e i r  i n t e r i o r s .  
3.  Regol i ths on as tero ids  are  poor ly  mixed i n  comparison w i t h  the 
l una r  r e g o l i t h ,  except poss ib l y  f o r  very l a rge  as tero ids .  
4. Regol i ths are  t h i n  o r  absent on small asteroids,  espec ia l l y  
those of  strong rocky composition. 
5. Unl ike  the Moon, f o r  which most c r a t e r  e jec ta  are deposi ted i n  - c  
. ' 
close prox imi ty  t o  the c ra te r ,  as te ro ida l  c r a t e r  e jec ta  are 1 _ 
comnonly d i s t r i b u t e d  e n t i r e l y  around the body, tending t o  mask I .  
any undc r l y i  ng 1  a t e r a l  heterogenei ty.  
' I .  
6. S t r a i g h t f o r w r d  approaches t o  i n t e r p r e t i n g  c r a t e r  populat ions on , . 
Mars, Mercury, and the Moon cannot be d i r e c t l y  app l ied  t o  c ra te rs  , 
on Phobos and Deimos, and none of  these bodies serves as an exact . .  
. , 
example of what we might expect on as tero ids .  Cra ter  populat ions I 
on an as te ro id  w i l l  reveal  the  chronology and character  o f  events 
.. . . t h a t  have occurred subsequent t o  the l a s t  major fragmentation ! \  
. - .. 
, I V  
, 
. ,  event i n  which an as te ro id  has pa r t i c i pa ted ;  s ince such events t .  . 
occur f requent ly,  as te ro id  c r a t e r i n g  records genera l ly  c ill no t  1 
extend fa r  back i n  t ime. I . -  , . 
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The above c o n c l u s i o n s ,  and other ,  t o  f o l l o w  i n  t h i s  chap te r ,  a r e  d e r i v e d  from p r e -  
l i m i n a r y  t h e o r e t i c a l  nlodels and g ross  e x t r a p o l a t i o n s  o f  a  few exper inwnts  f a r  beyond labo-  
r a t o r y  sca les .  Thus, as i s  t h e  case f o r  any s c i e n t i f i c  t o p i c  f o r  which t h e  o b s e r v a t i o n s  
a r e  m o s t l y  i n d i r e c t ,  t h e  analyses 4n t h i s  paper shou ld  he cons idered  model-dependent 
and i n  need o f  f u r t h e r  v e r i f i c a t i o n  by a d d i t i o n a l  t h e o r e t i c a l ,  exper in ien ta l  and observa-  
t i o n a l  work and u l t i m a t e l y  by d i r e c t  c x a n i i n a t i o ~ i  o f  a s t e r o i d s  f rom s p a c e c r a f t .  I t  would 
be a  m is take ,  however. t o  regard  t h e  c o n c l u s i o n s  i n  t h i s  paper  as he ing  Inere "guesses." 
A s t e - m i d  c o l l i s i o n  probabilities nlay he c a l c u l a t e d  c e r t a i t i l y  t o  w i t h i n  a  f a c t o r  o f  two o r  
t h r e e .  Given c o n s e r v a t i o n  o f  enerqy, assess ing t h e  ooss i  h l e  ranqe o f  c o l l  i s i o n a l  outcomes 
then  becomes a  probleni  i n  unders tand ing  l i ~ r ~ i t s  o n  t h e  p a r t i t i o n i n n  o f  t h e  c o l l i s i o n a l  k i n e t -  
i c  energy. Reasonable judgements on t h i s  ~ n a t t e r  c o n s t r a i n  t t i c  ~ ~ l y s i c a l  n a t u r e  o f  a s t e r o i d s  
t o  a  c o n s i d e r a b l e  degree. b u t  t h e  poss i  h i  1  i t y  remains t h a t  sorriethinq i s  b e i n g  over looked .  
T h i s  paper  t r e a t s  t h r e e  n u j o r  t o p i c s :  c o l  1 i s i o t i s  and f ragmenta t ion ,  a s t e ~ ' o i d  reg01 i t h  
~node ls ,  and c r a t e r i n g  on sn ia l l  bod ies .  Much o f  t h e  paper  i s  based on  niy own work i n  p rog-  , . 
r e s s  ( i n  a s s o c i a t i o n  w i t +  D.  R, Dav is  and J. F .  Wacker o n  c o l l i s i o n a l  e v o l u t i o n  and w i t h  
R. Greenberg. K. Housen and L.  W i l  ken ing  on r e g o l i t h  mode ls \ .  There i s  1  i t t l e  r e c e n t  l i t -  
e r a t u r e  d e a l i n g  w i t h  a s t e r o i d  c o l l i s i o n a l  e v o l u t i o n ,  except f o r  c e r t a i n  s p e c i f i c  t o p i c s  
(o.$. , H a r r i s ,  1978, f o r  d i s c u s s i o n  o f  a s t e r o i d  s p i n s ;  W e t h e r i l l ,  1976. f o r  d i s c u s s i o n  o f  
a s t e r o i d a l  p r o d u c t i o n  o f  m e t e o r i t e  f ragments and d e l i v e r y  t o  E a r t h ) .  Work on reg01 i t h s  has 
d e a l t  a ln lost  e x c l u s i v e l y  w i t h  t h e  Moon so f a r  (see r e v i e w  hy Lanqevin and Arno ld .  1977). 
I n t e r p r e t a t i o n  o f  c r a t e r  p o p u l a t i o n s  on s m a l l  hod ies  (Phohos and Deimos) i s  i n  i t s  i n f a n c y ;  
t h e  p r e s e n t  paper  and connwnts e l<ewhere i n  t h i s  v o l u ~ i k  by Vever-La c o n s t i t u t e  t h c  o n l y  ek-  
t r a p o l a t i o n  t o  a s t e r o i d s .  
COLLISIONS, FRAGMENTATIOPI. AND E V O L U I  ION OF T H C  S1 Z t  DISTRlRllT11~N 
We may u s e t u l  l y  d i s t i n g u i s h  htitwetlri two t j p c s  o f  c o l l  i s i o n s :  ( a )  those  f o r  wi i ic t i  t h e  
r a t i o  between t a r g e t  and p r o j e c t i  l e  d ian~eter-s  i s  lai.c]e. r.csul t i l r c l  i n  c r a t o . i n q  dnd e r o -  
s i o n  o f  t h e  t a r y e t ,  and ( b )  those f o r  wh ich  t h e  p r o j e c t i l e  i s  . u f f i c i e n t l y  l d r q e  (s lnd l l  I \  
t o  r e s u l  t i n  c a t a s t r o p h i c  f raqnie l i ta t  i o n  o f  the tal 'get ( d e f i n e d  as o c c u r r i n q  if t h e  lar'clest 
o b j e c t  r e ~ n a i n i n g  a f t e r  c o l l i s i o n  i s  % 5 0 , .  t h e  o r i q i n , r l  o f  t h e  t a r q e t ) .  Rtv-nuse t h e  
exponent o f  power- law a p p r o x i n ~ d t i o ~ i s  t o  t h e  i n c r c ~ ~ l r ~ i t a l  dian1ete1--frequency r c l a t  icrnship o f  
a s t e r o i d s  has an a h s o l u t e  va lue  . 4 .  I I IOT~ ~i idss (hence most k i n e t i c  c n r r q y )  reside: i n  la rqc t .  
t a s t e r o i d s ;  t h e r e f o r e  t h e  l ,~ i -qes t  toll i s i o n s  ar-e n a r c  i n ~ l ) o r t a n t  i n  d e s t r o y i n g  aster 'o ids than  
t h e  c u m u l a t i v e  e r o s i o n  by  s l rwl l  c r d t c r i n g  even ts .  But c r a t e r i n g  i s  by no IlieJris n c g l  i q i b l e  I 
and, i n  f a c t .  i s  w h o l l y  r c s p o n s i h l e  f o r  c r e a t i n g  a s t p ~ . o i d d l  r e q o l i t h s .  1 \ . : .  
\ 
The f ragnwnts r e s u l t i n g  f rom an a s t e r o i d  c c ~ l l i s i o n  (whether  r o ~ i i p ~ . i s i n q  the  e n t i r e  ~ ~ u s s  
i n v o l v e d  i n  a  c a t a s t r o p h i c  c o l l  i s i o n  o r  ~ n c r e l y  t h e  e j e c t a  i n  a  c r , ~ t e ~ . i r r q  (.vent) ~ndy he 
c h a r a c t e r i z e d  by t h e  d i a m e t e ~ -  o f  t h e  l a r q e s t  f ra ! i l~~en t .  t h e  powe~'- law d e s c r ~ :  i r r ! ~  t h c  s i z e  
- -  
Fig.  1. Diameter-frequency d i s t r i b u t i o n  f o r  . . .' 
vPLS FOR S ALBEDO . ,  asteroids.  Po in ts  are  bias-corrected rounts  1 .  , ! 1 
i n  increments of 0.05 i n  l o g  diameter I ,  . . 
(Ze l l ne r  and Bowell, 1977). Lines are pos- 
s i  b l e  f i t s  and ex t rapo la t ions,  constrained 
a t  small diameters by Palomar-Leiden Survey 500 -. 
data f o r  two d i f f e r e n t  poss ib le  albedos. 
F igure  reproduced from Chapman e t  a l .  (1978). 
( C o u r t ~ s y  Annual Revia, of Astronomy d t 
Astrophgsics . ) 
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1 1 .  
: I :  ! I d i s t r i b u t i o n ,  and the d i s t r i b u t i o n  o f  v e l o c i t i e s .  The f r a c t i o n  o f  e jec ta  t r a v e l i n g  a t  , , r i  
less  than the g r a v i t a t i o n a l  escape v e l o c i t y  o f  the ta rge t  f a l l s  back and con t r i bu tes  t o  t h e  i 1 .t 
r e g o l i t h .  The remaining e j e c t a  escape and become i n d i v i d u a l  as tero ids  o r  smal ler  deb r i s  i n  I , 
t h e i r  own r i g h t .  ' , \ .: 
The previous three paragraphs have parameterized the problem. Le t  us now consider the , ,  
c o l l i s i o n a l  physics and what l i t t l e  has been learned from theo re t i ca l  modeling and Earth- 
\' 
1 . 
' 1 .  
based experimentation. Cra ter ing i s  somewhat b e t t e r  understood than i s  ca tas t roph ic  frag- 
mentation. Not on l y  have more laboratory sca le  experiments been done on impacts i n t o  
semi- inf  i n i  t e  targets,  bu t  nuclear explosion c ra te rs  prov ide some bas is  f o r  ex t rapo la t i on  . - 
t o  la rger -sca le  events. Moreover, computer codes have been w r i t t e n  t o  model hyperveloci  t y  
c ra te r i ng ,  not  fragmentation, events. Nevertheless, a ca tas t roph ic  fragmentation event may 
be thought o f  crudely but  u s e f u l l y  as the l i m i t i n g  case o f  a c r a t e r i n g  event t h a t  consumes 
a s i g n i f i c a n t  f r a c t i o n  o f  the volume o f  the  e n t i r e  ta rge t .  Laboratory-scale fragmentation 
experiments i n v o l v i n g  v e l o c i t i e s  i n  excess o f  1 kmlsec are repor ted by Moore and Gaul t 
(1965), Gaul t  and Wedekind (1969), and Fuj iwara e t  a l .  (1977). . . 
. , 
I '  
The k i n e t i c  energy o f  the  p r o j e c t i l e  i s  p a r t i t i o n e d  i n t o  several forms of  enerqy upon 
impact. For rock- in to- rock  c r a t e r i n g  impacts a t  5 kmlsec, O'Keefe and Ahrens (1977) corn- , , 
pute t h a t  2 0 h f  the  energy goes i n t o  heat ing ( i nc lud ing  me1 t i n g  and vapor iza t ion)  of the ' 1  ' ,, j p r o j e c t i l e ,  another 20% i n t o  heat ing the  td rge t ,  and about 50% i n t o  p l a s t i c  work and com- ; , \  
minution. The remaining 10% i s  p a r t i t i o n e d  i n t o  the k i n e t i c  energy o f  t he  a jec ta .  An !I ' 1 . .  experiment by Gaul t  e t  a t .  (1963) stiows the d i s t r i b u t i o n  o f  e jec ta  v e l o c i t i e s  as a funct ion  I 
o f  mass-fract ion.  The f r a c t i o n  o f  e jec ta  f a i l i n g  t o  exceed the escape v e l o c i t y  f a l l s  back 
_ . '  
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f r a g m e n t a t i o n  events.  Bu t  t h e  a s t e  'o id  s i z e - d i s t r i b u t i o r  i s  such t h a t  most c a t a s t r o p h i c  
f r a g m e n t a t i o n  even ts  i n v o l v e  t a r g e t - p r o j e c t i l e  r a t i o s  o n l y  s l i g h t l y  l a r g e r  than  i s  s u f f i c i -  
e n t  f o r  f ragmenta t ion ,  so t h e  even ts  a r e  n o t  g r o s s l y  d i s s i ~ ~ , . l a r  f om l a r g e  c r a t e r i n g  events;  
hence one m i g h t  expec t  r o u g h l y  s i m i l a r  energy p a r t i t i o n i n g .  
The most i m p o r t a n t  v a r i a b l e ,  however, i s  t h L  p h y s i c a l  n a t u r e  o f  t h e  a s t e r o i d a l  m a t e r i a l .  
Bo th  d imens iona l  a n a l y s i s  and a c t u a l  exper iments demonstrate t h a t  t h e  energy (hence p r o j e c -  
t i l e  mass) necessary t o  produce a s p e c i f i e d  amount o f  darllage ( L ' . ~ .  , c r a t e r  o f  a  s p e c i f i e d  
s i z e  dr f r a q m e n t a t i o n  o f  a  t a r g e t  o f  s p e c i f i e d  s i z e )  s c a l e s  r o u g h l y  as t h e  t a r g e t  s t r e h g t h .  
I n t e r p r e t a t i o n s  o f  spec t ropho tomet ry  a r e  c o n s i s t e n t  w i t h  sdlile a s t e r o i d s  be ing  s ;m i la r  t o  
carbonaceous c h o n d r i t e s ,  which have c r u s h i n g  s t r e n g t h s  as low as 3 x l o 6  dynes cm"; o t h e r s  
may be o f  s t r o n g  m e t a l l i c  compos i t i on  w i t h  c r u s h i n g  s t r e n g t h s  exceeding 2 x 101° dynes c W 2 .  
' . '  Of  course  a s t e r o i d s  may have b u l k  s t r e n g t h s  much lower  than  t h a t  o f  t h e i r  c o n s t i t u e n t  mate- 
r i a l s  i f  they  a r e  a l r e a d y  fragmented, wh ich  n l igh t  have r e s u l t e d  f rom p r e v i o u s  c o l i i s i o n a l  
h i s t o r y  (see below).  
Cons iderab le  1 i t e r a t u r e  e x i s t s  on energy/d iameter  s c a l  i n g  laws f o r  c r a t e r s .  espe- 
c i a l l y  i n  r o c k y  and sandy s u b s t r a t e s .  Much l e s s  i s  known dbout  f r a g m e n t a t i o n  events,  b u t  
exper iments sumnarized by Greenberg e t  aZ. (1977) suggest t a ' a t  t h e  e f f e c t i v e  " impac t  
s t r e n g t h s "  o f  m a t e r i a l s  a r e  about  two o r d e r s  o f  r c g n i t ~ d e ~ l e s s  than  c r u s h i n g  s t r e n g t h s ;  
i . e . ,  a b a s a l t i c  body o f  c r u s h i n g  s t r e n g t h  s109 dynes cmy- w i l l  be c a t a s t r o p b i c a l  l y  f r a g -  
mented if s t r u c k  by a p r o j e c t i l e  w i t h  k i n e t i c  energy 210' ergs/cm3. O f  p a r t i ~ u l a r  impor- 
tance t o  a s t i r o i d s  i s  t h e  f a c t  t h a t  e j e c t a  v e l o c i t i e s  f rom inipacts i n t o  l o o s e l y  aqgregated 
i 
m a t e r i a l  ( e . g . ,  sand) a r e  ~2 o r d e r s  o f  magnitude l e s s  tnan  v e l o c i t i e s  f rom impacts i n t o  
rocks  ( S t o f f l e r  r t  d ; .  , 1575);  a  generd l  v e l o c i t y  dependence on s t r e n g t h  i s  suggested and 1 ' 
i t  may a p p l y  a l s o  t o  f r a g m e n t a t i o n  events.  b u t  t h e  phenomenon has n o t  been w e l l  documented. 
F o r  5 km/sec a s t e r o i d a l  i ~ ! ~ p a c t s ,  c a t a s t r o p h i c  f r a g m e n t a t i o n  may be expected t o  r e s u l t  
when y 5 18 f o r  hard,  rocky  bodies,  1 5 7 f o r  i r o n  bodies ( a t  temperatures above t h e  duc- 
t i l e / b r i t t l e  t r a n s i t i o n ) ,  and ! 50 f o r  v e r y  weak bodies.  For  " s u p e r c a t a s t r o p h i c "  c y l  li- 
sions ,  i n v o l v i n g  y much l e s s  than t h e  l i m i t i n g  va lues j u s t  1  i s t e d ,  the  excess energy produces 
meter  f o r  t h e  l a r g e s t  f ragment  and a l a r g e r  popu- 
b u t i o n  (see d i s c u s s i o n  i n  Greenberq e t  a7. , 
I n  o r d e r  f o r  an  a s t e r o i d  t o  be "dest royed,"  i t  must n o t  o n l y  b e  tragmented, b u t  t h e  
fragments must have s u f f i c i e n t  k i n e t i c  energy t o  overconre t h e i r  mutual  g r a v i t a t i o n a l  a t -  
p o r t i o n  o f  p r ~ j e c t i l e  k i n e t i c  energy t h a t  goes 
t o  10 '  exceeds t h e  g r a v i t a t i o n a l  b i n d i n g  energy 
h a t  most o f  t h e  fragments, e s p e c i a l l y  t h e  most 
massive ones, a r e  a c c e l e r a t e d  t o  v e l o c i t i e s  exceeding t h e  body 's  escape v e l o c i t y .  F o r  
s o l i d ,  r o c k y  bod ies  21CO kni d iamete r ,  any impact  s u f f i c i e n t  t o  fraglr lent t h e  body w i l l  a l s o  
t I 
; I 
t b  • 
' .. 
1 .. 
a .  
I .  k; 
. - 
be s u f f i c i e n t  t o  d i s p e r s e  t h e  fragments. Bu t ,  f o r  a  l a r g e r ,  rocky  body, i t  clay be rnargin- I :  
a l l y  fragn'ented b ~ t  f a i l  t o  be d ispersed ;  such an even t  c o n v e r t s  t h e  body i n t o  a " p i l e  o f  
r o c k s "  wh ich  no l o n g e r  has s u b s t a n t i a l  i n t e r n a l  s t r e n g t h .  S i r l i i l a r  b e h a v i o r  would o c c u r  
f o r  weaker bod ies  '10 km d iamete r .  Such a s t e r o i d s  w i l l  n o t  be d i s p e r s e d  u n t i l  i n v o l v e d  i n  
a " s u p e r c a t a s t r o p h i c "  event  t h a t  p a r t i t i o n s  s u f f i c i e n t  energy i n t o  k i n e t i c  energy t o  over -  
come the  g r a v i t a t i o n a l  b i n d i n g .  O f  course, when t h a t  occurs  t h e  l a r g e s t  fragment from such 
an a l r e a d y  broken-up body wi  11 be mcrh s m a l l e r  than  t h e  o r i g i n a l  body- - to  f i r s t  o r d e r  one 
m i g h t  s i m p l y  a s s m e  t h e  body has d isappeared as an observab le  a s t e r o i d  and been conver ted  
i n t o  sma l l  i n t e r p l a n e t a r y  d e b r i s .  
Chapman and Davis  (1977) and Davis  and Chapman (1977) have been i n v e s t i g a t i n g  a s t e r o i d  
c o l l  i s i o n a l  e v o l u t i o n  models, e n ~ p l o y i n g  the paraniet?rs and concepts d iscussed  above. I n  
p a r t i c u l a r .  t h e y  have cons idered  the  s i ~ n u l t a n e o u s  c o l l i s i o n a l  i n t e r a c t i o n  o f  two p o p u l a t i o n s  
o f  a s t e r o i d s ,  one c o n s i s t i n g  o f  s t r o n g  bodies,  the  o t h e r  o f  weak bodies.  They have s t u d i e d  
t h e  c o l l i s i o n a l  e v o l u t i o n  o f  t h e  p r e s e n t  a s t e r o i d  b e l t  ('3.9.. t h e  b i a s - c o r r e c t e d  p o ~ u l a t i o n s  
o f  Z c l  l n e r  and Bowel 1, 1977) as we1 1 as h y p o t h e t i c a l  a u g ~ e n t e d  e a r l y  a s t e r o i d  o o p u l a t  ions.  
A number o f  i m p o r t a n t  r e s u l t s  a r e  as f c l  lows:  
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( 1 )  The as te ro ids  p resen t l y  impact each o t  ¶r w i t h  s u f f i c i e n t  frequency t h a t  most \ ,, 
l a rge  as t c ro ids  must be expected t o  have been cat. ; t roph ica l  l y  fvagmented wi t h i n  the  l a s t  
several b i l l i o n  years. Provided t h a t  5% t o  10% o f  the  k i n e t i c  energy i s  a v a i l a b l e  f o r  
fragment d ispersa l ,  most l a rge  as te ro ids  have l i f e t i m e s  aga ins t  d i s r u p t i o n  sho r te r  than the 
age of the  s o l a r  system even w i t h  the  present low popu la t ion  dens i ty .  Thus those t h a t  we 
see now must be e i t n e r  (a )  fragments o f  r a r e  l a r g e r  bodies t h a t  chanced never t o  have been 
converted i n t o  a " p i l e  o f  boulders"  by e a r l i e r  ca tas t roph i c  inpacts  p r i o r  t o  ca tas t roph i c  
d i s rup t i on ;  o r  ( b )  remnants of r a r e  l a r g e r  bodies t h a t  chanced t o  escape d i s r u p t i o n  and 
have been w h i t t l e d  down by gradual erosion.  Since the c h a r a c t e r i s t i c  l i f e t i m e  aga ins t  
ca tas t roph ic  fragmentation var ies  roughly as the  square-root  o f  the  a s t e r o i d  diameter, a1 1 
small as tero ids  must be regarded as being Inu l t i -genera t ion  and/or recent  fragments o f  4 
l a r g e r  bodies. These expectat ions a re  i n  accord w i t h  several  observat ions:  a s t e r o i d  spins 
are  thcse expected fo r  a c o l l i s i o n a l l y  evolved popu la t ion  (Ha r r i s ,  1978) and a s t e r o i d  1 
shanes seem t o  be i r r e g u l a r  ekcept. f o r  as tero ids  s u f f i c i e n t l y  l a r g e  and weak t h a t  g r a v i t y  . L 
induces sphe r i c i  t y  . 
( 2 )  Astero id  size-frequency d i s t r i b u t i o n s  are  n o t  expected t o  be l i n e a r  on a 199-log I 
p l o t .  I t  had been argued p rev ious l y  t.hat a l l  as te ro ids  (Dohnanyi, 1972) o r  a t  l e a s t  c o l l i -  
s iona l  l y -evo lved C-type as tero ids  (Chapman, 1974) should e x h i b i t  such a l i n e a r  d i s t r i b u -  
t i o n .  But two e f fec ts  lead t o  n o n l i n e a r i t i e s :  ( a )  t he  e f f ec t s  o f  g r a v i t y  ho ld ing  together i 
ftaagmented ob jec t s  u n t i l  supercatastrophic c o l l i s i o n s  d i s r u p t  them, and ( b )  the  i n t e r a c t i o n  I '  ' of populat ions o f  d i f f e r e n t  s t rengths .  F igure  2 i 1 l u s t r a t e s  on.? run  o f  the Chapelan-Davis 
t : prc.gram, r e s u l t i n g  i n  non l inear  s i z e - d i s t r i  bu t ions  f o r  two types o f  as tero ids  t h a t  mimic 
- 1  . :  
1 1 ,  1 1. .; I / 




i .  
i i would r e s u l t  i n  d iminished 7roduct ion  o f  middle-s ized as tero ids .  The dashed curves 
' i show the evolved C and S populat ions a f t e r  I 4 x l oS  years. P lo t t ed  f o r  comparison a re  bias-corrected frequencies o f  C and S 1 ., : a5 tero ids  observed today ( Z e l l  ner and Bowell, 1977). The f requer~cies are per 
i n t e r v a l  o f  w id th  0.1 i n  l o g  diameter. 
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r a t h e r  c l o s e l y  the  observed d i s t r i b u t i o n s  f o r  C and S types. 
1000 
Fiy .  2. Comparison of Chapman/Davis evolu- MODEL EVOLUTION 
t i o n  model d i t h  observat ions.  f o r  t h i s  AFTER 4 r  los YVR 
p a r t i c u l a r  run, i n i t i a l  s i z e - d i s t r i b u t i o n s  
were chosen ( s o l  i d  1 ines)  t o  model tbe  type 
o f  scenar io descr ibed by Chapman (1  976). 
C and S as tero ids  were taken t o  have crush- 
i n g  strengths o f  5 . 10' and 2 x l o i 0  dynes 
c r 2 .  and dens i t i es  o f  3 and 5 gm cm-3, 
s imu la t i  ng carbonaceous and i r o n - r i c h  
as tero ids  r e s p e c t i v e l j .  Impact s t rengths  
were taken t o  be 6,:. o f  crushins strengths.  
Themass of the  l a rges t  fragment invo lved 
i n  a scpercatastrophic d i s r u p t i o n  was z 
I / 





: I -  
I * 
I .  
I , 
\. i : : ,  
1 ;  
taken t o  be one-eighth the o r i g i n a l  mass; 5 
much smal ler  f r ac t i ons ,  depending on energy o 30 - 
densi ty.  might  be more appt,opriate and w a 
1 I I F '  4 +*w ii ,-w j, ..:~.b 1 ..,t w a t  -. l a  , :  1 , ! I + ?  '-i7kYa(' 4 , ' l  4 .  I . r  ) I 
( 3 )  The p reben t  a s t e r o i d  p o ~ u l a t i o n  mr;c be a  remnant o f  a  much l a r g e r  e a r l y  popu la -  i- 1 ' 
,'I i 1 ,  
' ; 
-1 , 
t i o n  (Chapman and Dav is ,  1975). F i g u r e  2 i r .  t y p i i d l  o f  v i r t u a l l y  a l l  runs  o f  t h e  c o l l i s i o n  
e v o l u t i o n  model i n  t h a t  i c p u t  p o p u l a t i o n s  o r d e r s  o f  n a g n i t d d e  g r e a t e r  th,ir: + t ~ c  p r e s e n t  b e l t  
(such as " i n p u t  C" i n  F i g u r e  2 )  always decay t o  d i s t r i b u t i o n s  approx in ia t inn  t h ?  p r e s e n t  
b e l t  ( i n  b o t h  s l o p e  and i n t e r c e p t )  a f t e r  sevc-d l  b i l l i o ~  years .  The onl: r i a l  1;1qe 
p o p u l a t i o n s  t h a t  f a i l  t o  e v o l v e  t o  t h e  p r e s e n t  b e l t  a r e  those i n  whi - t i  ..r' o f  t h e  iiiass i s  
o r i g i n a l l y  s t o r e d  i n  bod ies  s u b s t a n t i a l l y  l a r g e r  t h ~ n  Ceres a~snroach;. . :undr  ~ i ~ e .  Note 
t h a t  r e s u l t  ( I ) ,  t h a t  as te ro id ;  a r e  h i g h l y  fragmented, ddes n o t  depend nr: t h e  :.irly a s t e r -  
o i d  p o p u l a t i o n  b e i n g  more populous than  today;  ~ I V Y , ~ ? I T  irncact r a t e s  ?&.- ,uf : i c i e n t l  y  h i  qh 
t o  l e a d  t o  h i g h  f ragmenta t ion  r a t e s .  even if t h e  a s t e r o i d  b e l t  o r i f  ' .. ;y c o n t a i n e d  o n l y  a  
f r a c t i o n  more miss than  i t  does today .  I n  f a c t .  the  p resen t  d i s t r i t u t i o n  ~ n d  n a t u r e  nf 
as:eroids may p r o v i d ?  c l u e s  as t o  whether  t h e  p o p u l a t i o n  t r u l y  was ? i r e d t e r  i n  t h e  p a s t .  
Chapman and Dav is  (1975)  arqued t h z t  t h e  be1 t r l ~ ; i l l i '  have t e e n  ~ 3 0 0  t in!es more p o p u l ~ ~ u s  
based on t h e  c h a r a c t e r i s t i c s  o f  an i n f e r r e d  r e i ~ m ~ n t  popu la t io r r  cjf vet y  s t ~ . o n g  I r.oti-, , I c.b 
o f  p r e c u r s o r  bod ies .  T h i s  i n f e r e n c e  i s  h i g h l y  nlodel-dependent a~:d s h o ~ l l d  n o t  be r c s a r d c d  
as a  secure d e t e r m i n a t i o n  o f  t h e  e a r l y  a s t e r o i d  p o p u l a t i o n .  
Severa l  sources o f  u n c e r t a i n t y  r e q u i r e  emphiisis. F i r s t .  because ,f t t ie r e l a t i  v e l y  
l a r g e  va lues o f  y s u f f i c i e ~ ~ t  f o r  c a t a s t r o p h i c  t r a g ~ ~ e n t a t i o n ,  t h e  e v o l u t i o n  o f  main b e l t  
a s t e r o i d s  o f  observab le  s i z e s  depends on t h e  f requency o f  very-much-smal l e r  a s t e r o i d s - -  
those  t o o  s m a l l  t o  have measured sur face  ~ o r n p o s i t i o n s  and o f t e n  so s l l ia l l  as n o t  t o  have 
1 - 
: [ r been d iscobered  o r  s a q ' e d  a t  a1 1. Thus f u t u r e  o b s e r i d t i o n s  p e r t a i ~ ~ i n q  t o t h e  freque::cy I I ,  and p r o b a b l e  bul l ,  conlposi t i d n s  o f  a s t e r o i d s  111 t h e  100 111 - 10 hm s i ~ e  range wosld he verb i m k o r t a n t .  Second, more rxper i l i l en ta l  and t h e o r e t i c a l  work i s  necessarey t o  u ~ ~ d e r - s t ~ n d  tioh 1 ii p r o j e c t i l e  k i n e t i c  energy i s  p a r t i t i o n e d  i r t o  c i r rm~ inu t ion  errerqy and e b p n c i s l l y  i n t o  c j a :  t.1 o r  f ragmenta l  k i n e t i c  enerqy. Larqe fl~::n?itiec, o f  ener-qy c o u l d  be o a r t i t i o n e d  i n t o  heat  w i t h o u t  n e c e s s a r i l y  m e l t i n g  n ia jor  amounts c f  r o c k .  Should itiuch l e s s  t h s n  1  o f  t h e  energv oe a v a i l a b l e  f o r  k i n e t i c  energy. a s t e r o i d  l i f e t l n ~ e s  miqh t  tle iiiuch l o n q e r  than  we t b ' n k .  Should s m a l l e r  f r a c t i o n r  o f  energy t ? ~  3vai l ;ble comminution t h r o ~ g h o u t  t h e  a i ! t ~ - o i d a l  
V O ~ U X  than  i s  t r u e  a t  l a t o r a t o r y  scu les .  asteroids r l i q h t  be l e s s  f r ' ~ q ~ - ~ c n t c d  t h d ~ ;  :.e t h i n h .  
A:TE?\)I D REGQL I THS I ,   , Lunar s c i e n t i s t s  have deve1opc.d a  col~iprehensi VP unders tand ing  o f  t h e  1  w a r  rego1 i t h  
, 
1 (Langev i n  ,lnd Arno ld .  1977). A s t e r o i d  reg01 i t h s  have r e c e i v e d  I i t t l e  a t t e n t i o n ,  however. Most  d i s c u s s i o n  has concerned p o s s i b l e  p a r t i c u l a t e s  i n   he o p t i c a l  s u r f a c e  l ~ y c r  t h a t  
! 
would i n f l u e n c e  p o l a r i m e t r i c  p r o p e r t i e s  (,.:'. . D o l l f u s .  1371. and d i \ c u s s i c r :  o f  t h a t  ;jdpc*. 
by Anders j n d  Chapman; a l s o  D o l l f u s  ,-: .I:. , 1977) .  More r e c e n t  i n t e r e s t  i n  d i t e r o ~ d  1-et;o- 
i i j j 1 
1 l i i h s  has come fron! n i e t e n r i t i c i s t s  who ~ ' e q u i r e  env i ronments o f  s u b s t d r ~ t i a l  v o l u ~ r ~ c  i n  which 
t o  produce t h e  numerous g a s - r i c h  and b r e c c i a t e d  n ~ e t e o r i  t i e ;  (:f. . Macdouual l  ,.. 2 : .  . 1J:J\ 
I f  a b t e r o i d  r e g o l i t h s  are,  i n  f a c t .  so t t ~ i c l ,  as t o  c o n s t i t u t e  a  s u b s t a n t i d l  p o r t i o n  o f  
a s t e r o i d  vo lu~nes ( t . g . ,  as argued by Anders, I!?'&, 1978). then  nmdels o f  t h e  i l l 1 1  i s i o n a l  I! 
e v o l u t i o n  and 1  i fe t imes  o f  wl iole a s t e r o i d s  lriust take  r e q o l  i ths  i n t o  hccount . s l n c e  cr.dte!- 
; volumes and e j e c t a  v e l o c i t i e s  fr impacts i n t o  r e g o l i t h s  a r e  very : i f f r i . i .~~ I  In,!? f l y ; -  i l . 5 -  
t 
pac ts  i n t o  rock  (see  p rev iouq  sec t  i c n ) .  I I i 
A s t e r o i d s  d i i f e r  fr-or. :t~e Moon i n  two i ~ n p o r t a n t  respec ts .  f i ~ . s t .  ill !hc d a t e r o l d  b e l t  
t h e  f l u x  o f  i m p a i t i n q  s b j ~ .  t s  k111 d ld lne te r  i s  r,)lrghly t h r e e  o r a e r s  o f  ~. :a i l r i i tudr  u r e d t c t -  
than  i n  n e a r - E a r t h  space. Second. as: t l ro id  q r a v i t i e z  a r e  irluch l e s s  thao lundr. ~ l t . a v i t v .  
w i t h  escape v e l o c i t i e s  t y p i c a l l y  rat3 i n g  f rom meters p e r  second t o  hundreds o f  nteters [?PI' 
second. Lesser  c o n s i d e r a t i o n s  a r e :  ( a )  impact v e l o c i t i e s  a r e  l.:wet' i n  t h e  be1 t thL111 (01- 
t h e  Y o o ~ ;  it- ) a s t e r o i d  con~posi t i o n s  d r e  genera l  l y  d l  f f e r e n t  f rom 1  u r ~ s r  i i ? ~ n t w s i  t o ! ] ;  
! c )  most a:reroids a r e  mere i r r e g u l a r  i n  shape than  t h e  Mom; and ( d )  a s t e r o i d 5  sp l l ;  t.t.l.1- 
t i v e l y  r f i r , i a i y .  . . 
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4 - l f i  + j .: . . Housen e t  a l .  (1978) have developed a  model of as te ro id  r e g o l i t h  evo lu t ion .  I t  con- ) . . ,  , 
s iders  the  bu i ldup and t r o s i o n  of r e g o l i t h s  on as tero ids  from the t ime an as te ro id  i s  : ..+ , / .  ! 
created w i t h  a  bare surface t o  the t ime an as te ro id  i s  s t ruck  by a  s u f f i c i e n t l y  l a rge  im- I ,  I 
pact so t h a t  i t  i s  ca tas t roph ica l l y  fragmented. A t  t h a t  po in t ,  the  whole as tero id ,  i f  i t  ,..; I 
i s  not  dispersed, i s  converted i n t o  a  " p i l e  o f  rocks" o r  a  megaregolith. Housen e t  a t .  *: . 
d i s t i n g u i s h  between a  " t y p i c a l  region" on an as te ro id  and a typ i ca l  l o c a l i t i e s  where occa- :. - . ,  . 
s iona l  sparsely scat tered l a rge  impacts have occurred. The depth o f  r e g o l i t h  i n  the  typ-  
. I  . ' 
i c a l  region i s  determined by compet i t ion between processes t h a t  c reate  r e g o l i t h  and those . !  I 
t h a t  erode and e j e c t  i t. Regcli  t h  i s  created by the depos i t ion  o f  e jec ta  f r o m  the l a r g e  . , 
, . . .  
c rd te rs  outs ide of  the  t y p i c a l  region. Regol i th  i s  a l so  created by small era-ers i n  the 
I '  _ t y p i c a l  reg ion (and e l  sewhere) t h a t  penet ra te  e x i s t i n g  reg01 i th,  comminute basement rock, 
and spread t h e i r  e jec ta  around the t y p i c a l  rzgion.  Regol i th  i s  l o s t  by the e j e c t i o n  of  .: 1 .. , 
some p o r t i o n  of  c r a t e r  e jec ta  a t  greater  than escdpe ve loc i t y .  & ' - I  I 
. t  ' 
An essent ia l  assumption o f  the  Housen e t  al. laodel, i n  i t s  present s t a t e  of  develop- 
ment, i s  t h a t  c r a t e r  e jec ta  are  widely d i s t r i b u t e d  around an as tero id .  F igure  3 shows how 
e jec ta  d i s t r i b u t i o n s  are  l o c - l i z e d  on la rge bodie-, such as the Moon, cnd on smal ler  bodies - 1  , ' 
of sandy composition. But on s t i l l  smal ler  sandy bodies ( / I 0  km diameter), o r  on rocky 
bodies smal ler  than a  few hundred k i lometers diameter, the  predominant e jec ta  v e l o c i t i e s  
approach escape v e l o c i t y  and the f r a c t i o n  of e jec ta  t h a t  f a i l s  t o  escape surrounds the 
as te ro id  w i t h  a  blanket o f  roughly uni form thickness. L ,  l i '  
, . 
Fig. 3. Schematic i l l u s t r a t i o n  o f  the  d i s -  F.900N AS I EFiOlD 
t r i b u t i o n  o f  c r a t e r  e jec ta  on Moon-sized and 
asteroid-s ized bodies w i t h  rocky an@ sandy 
substrates. Typical t r a j e c t o r i e s  are  shown. 
Ejecta v e l o c i t i e s  are  greater f,.om c r z t e r s  
created i n  rocky surfaces. Ejecta blankets 
are  r e l a t i v e l y  l oca l i zed  on a  Moon-sized 
body but  may completely surround an as ter -  
oid, espec ia l l y  a  small, rocky one. Ver- 
t i c a l  r e l i e f  i s  exaggerated 10: l .  
a 
V) 
I I j I 
1 .  
The incremental s i z e - d i s t r i b u t i o n  o f  i n t e r p l a n e t j r y  debr is i s  bel ieved t o  be roughly 
described by 3 power law w i t h  an exponent between -3  and -4. Such a  d i s t r i b u t i o n  i s  char- 
ac ter ized by having the predominant surface area i n  tne  smail s i z e  f r a c t i o n s  but  t he  pre- i 
dominant mass i n  the l a rge  s i ze  f rac t ions.  Provided t h a t  energy-scal ing app l ies  (i.e. , 
c r a t e r  volumes vary as p r o j e c t i l e  volumes f o r  constant  impact v e l o c i t y ) ,  an as te ro id  sur-  
face area i s  predominantly covered by srnal: c ra ters ,  y e t  most o f  t he  e jec ta  are produced 
by the l a rges t  c ra te rs .  I t  i s  f o r  t h i s  reason t h a t  i t  i s  usefu l  t o  study the " t y p i c a l  
region" described above, which i s  defined as tha t  s p a t i a l l y  evo lv ing f r a c t i o n  o f  an as ter -  
o i d  surface t h a t  contains c ra te rs  smal ler  than Ds, the  diameter o f  the  l a rges t  c r a t e r  t ha t  
"saturates" the surface of t hc  as tero id .  (D, i s  obtained by i n t e g r a t i n g  the areas o f  a l l  
la rge c ra te rs  formed from t = 0 t o  the cu r ren t  time-step, from the l a r g e s t  c r a t e r  down t o  
c ra te rs  o f  diameter D,, const ra in ing the t o t a l  area t o  be one- th i rd  o f  the  area o f  the t 
asteroid.  Thus, two-thi rds of  the as te ro id  surface i s  deemed t o  be " t y p i c a l  . " )  As t ime 
evolves, la,-ger and l a r g e r  c ra te rs  con t r i bu te  t o  sa tu ra t i ng  the surface, so P3 increases 
and the " t y p i c a l  region" changes shape t o  inc lude t.hem and t o  exclude recen t l y  formed 
c ra te rs  l a r g e r  than D,. I 
I 
i 
1 :  
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surround t h e  as te ro id  w i t h  e jec ta .  Local gardening and eros ion must occur on such bodies 
as on o the r  asteroids,  bu t  depos i t ion  from large,  d i s t a n t  c ra te rs  i s  n o t  un i fo rm across 
. :  ? 1 
t he  t y p i c a l  region. Instead, there  are  regions adjacent t o  a t yp i ca l  regions w i t h  much I .. 
grea te r  depos i t ion  and regions f a r  from a t y p i c a l  regions w i t h  much less  depos i t ion  than 
would be ca lcu la ted by the model. 
housen 3t a2. have var ied model parameters. The f o l l o w i n g  canclusions seem t o  be . , 
reasonably secure. Small (e.g.  , 10 km diametetv) rocky as tero ids  generate v i r t u a l l y  no 
reg01 i t h  and simply erode away u n t i l  the  as te ro id  i s  ca tas t roph ica l l y  d isrupted.  Rocky 
as tero ids  of > I00 km diameter generate r e g o l i t h s  o f  hundreds of meters i n  depth, b u t  the  
r e g o l i t h s  a re  very poo r l y  rr~ixed compared w i t n  the f a m i l i a r  l una r  case. Small (10 km), ! :  
weakly cohesive as tero ids  generate a  few meters of poo r l y  mixed r e g o l i t h .  Large, weak I 
astero ids  have n o t  been t reated hecause o f  the i n a p p l i c a b i l i t y  o f  the  u i~ i f o rm-depos i t i on  
assumption, bu t  may be expected t o  have l a rge  but  va r iab le  depths o f  r e g o l i t h .  Regol i tns  1 
on such asteroid,  a re  b e t t e r  mixed than on o the r  as tero ids ,  but  probably are  l ess  we l l -  
mixed than the l una r  r e g o l i t h .  ' , 
I ; '  
The upper couple of  meters of  lunar  mare r e g o l i t h  i s  the  c l a s s i c  r e g o l i t h .  Since 
Apollo, meteori t i c i s t s  have recognized some s i m i l a r i t i e s  between meteor i tes and luna r  so i  1s 
and breccias.  But there  are important  differences, mainly i n  tne sense t h a t  the r e g o l i t h s  
on meteor i te  parent-bodies a re  l ess  "mature" than the l una r  r e g o l i t h .  This i s  understand- 
ab le  because meteor i tes sample greater  depths than do lunar  samples and because as te ro id  
r e g o l i t h  processes d i f f e r  from those occur r ing  a t  the  lunar  surface. 
Although i t  i s  beyond the  scope a f  t h i s  paper t o  descr ibe ways t h a t  meteor i tes are 
produced and de l i vd red  from the  as te ro id  b e l t ,  su, f f ice i t  t o  say t b a t  because the as te ro id  
s i z e - d i s t r i b u t i o n  contdins most volume i n  l a rge  bodies i t  i s  requ i red t h a t  meteor i tes must 
come c h i e f l y  from large-scale c o l l i s i o n s .  The exact sca le  o f  c o l l i s i o n s  depends on the 
e f f i c i e n c y  w i t h  which meteor i tes are  de l i ve red  t o  Earth from var ious c o l l i s i o n s ,  but  mete- 
o r i t e s  must t y p i c a l l y  sample parent-bodies t o  depths o f  k i lometers.  Thus, tne  11;nar rnega- 
r e g o l i t h  (and examples o f  i t  among high?and brecc ias)  prcvides a  b e t t e r  analog f o r  meteor- 
i t e s  than does the s u r f i c i a l  r e g o l i t h  studied from luna r  core tubes 2nd o the r  means. The 
s i z e  d i s t r i b u t i o n  o f  lunar  c r a t e r i n g  p r o j e c t i l e s  t h a t  y i e l d  c r a t e r s  w i t h  depths greater  
than a  few hundred meters i s  known t o  be r e l a t i v e l y  shallow on a  log- log p l o t ,  y i e l d i n g  
more b lanket ing and less  r e p e t i t i v e  gardening than i s  t r u e  a t  smal ler  scales; the same 
should be t r u e  o f  as te ro ida l  r e g o l i t h s  samp:ed a t  depth. 
T:tln factors app l i cab le  t o  smal ler  and r o c k i e r  as tero ids  t h a t  d i s t i n g u i s h  them from the  
Moon ;ii.e e j e ~ I ; ' ? n  o f  substant ia l  f r a c t i o n s  t o  space and depos i t ion  from a fa r .  Both fac to rs  
tend t o  reduce the chat~C?q t h a t  a  g r a i n  can be repeatedly bombarded. A f te r  p a r t i c i p a t i o n  
i n  on l y  one o r  a  few craterit , ,? events, t he  p r o b a b i l i t y  becomes great  t h a t  a  near-surface 
g r a i n  i s  e jec ted t o  space. Also, e;ch s izeab le  impact anywhere on the as te ro id  r e s u l t s  i n  
depos i t ion  o f  a  l a y e r  tha t  p ro tec ts  a  grai,; from being invo lved i n  a  c ra ter - fo rming event. 
Another d i s t i n c t i o n  between as tero ids  and the Mob;: i s  t h a t  the daitiage done by an impact a t  
5 km/sec i n  the be1 t i s  much less  than t h a t  done a t  % 1 5  "/see on the Moon; thus a g g l u t i -  
nate format ion should be much reduced on asteroids,  compared ni +h the Moon, even i i a1 1  
o the r  fac to rs  were equal. I n te rp lane ta ry  comparisons of  reg01 i t h  matur i t y  have been made 
by Matson e t  at. (1977). 
The Housen e t  at. r e g o l i t h  product ion model f o r  smaller, r o c k i e r  as tero ids  impl ies  
t h a t  any impact i n  an a t y p i c a l  reg ion would b lanket  the  r e s t  o f  the  body w i t h  e jec ta  from 
t h a t  l o c a l i t y .  I n  e f fec t ,  such as tero ids  "pa in t  themselves gray" ( o r  whatever c o l o r )  dur- 
i ng  each major impact event, masking whatever composit ional heterogenei ty may 1 i e  beneath. 
I n  r e a l i t y ,  of  course, a  c r a t e r  volume o f  e jec ta  i s  no t  spread un i formly  over all as tero id ,  
bu t  musl c l u s t e r  somewhat due t o  va r iab le  e j e c t i o n  v e l o c i t i e s  and angular heterogenei t ies 
I (:.g., l una r  r ~ y s ) .  Furthermore, t he  coarser the e jec ta  arc ,  w i thout  a  preponderance u f  
f ines, the  l a r g e r  a  c r a t e r  must be f o r  i t s  e jec ta  t o  mask the e n t i r e  surface o f  an as te ro id .  
I n  the  absence o f  any f i r m  cons t ra in t s  on e jec ta  t r a j e c t o r i e s  and s i z e  d i s t r i b u t i o n s ,  i t  
might merely be noted t h a t  v i r t u a l l y  a l l  measured as tero ids  are  compos i t iona l ly  homogeneous 
-- 
o dif fe rences  are  
asceroids o f  any s ize.  
CRATERING ON SMALL BODIES 
Nost o f  our  experience i n  studying l una r  and p lanetary  c r a t e r i n g  processes has i n -  
volved the Moon and l a r g e r  p lanets.  With Fh r ine r  and V ik ing imagery of Phobos and Deimos 
now ava i l i ib le ,  there nave been i n i t i a l  attempts t o  underztand the c r a t e r i n g  records on much 
smal ler  bodies. Some i n t e r p r e t a t i o n s  have been formulated i n  terms app l i cab le  t o  l a r g e r  
There are two major d i f f e rences  between mart ian sate1 li tes and as tero ids  o f  s i m i l a r  
s ize.  F i r s t ,  the  impact ra tes  are f a r  iess i n  the v i c i n i t y  o f  Mars than i n  the as te ro id  
be1 t. Secorld, e jec ta  t h a t  escape Phobos and Deimos r a r e l y  i f  ever can escape the g r a v i t y  
o f  Mars i t s e l f .  As argued by Soter (1971), the e jec ta  o r b i t  Mars; eventua l ly  most of t h i s  
may be reaccumulated by the s a t e l l i t e s .  Because o f  t h i s  e f f e c t ,  the  mar t ian  s a t e l l i t e s  may 
be i i k s  the Moon i n  t h a t  most e jec ta  re turns  t o  the bodj .  bu t  u n l i k e  the Moon i n  t h a t  e jec-  
t a  a re  r a t h e r  u n i f o r v l y  d i s t r i b u t e d  over the whole sate111 ie. 
Craters have been used t o  address a  number o f  important  p l a n e t o l c j i c a l  quest io is ,  i n -  
c lud ing  the r e l a t i v e  and absolute ages o f  u p i t s  and the e f f e c t s  o f  endogenic processzs on 
p lanetary  surfaces. A c r i t i c a l  quest ion i n  a l l  i n t e r p r e t a t i o n s  o f  c r a t e r i n g  populatif,ns i s  
whether o r  n o t  the  c r a t e r  populat ions are i n  equi 1 i b r i um between cra ter - fo rmat ion and c r a t e r -  
dest ruc t ion .  Th, most important  c ra te r -dez t ruc t i on  process on a  body tha t  i s  geo log i ca l l y  
"dead" i s  the c r a t e r i n g  process i t s e l f  ( o v e r i ~ p ,  erosion,  and depos i t ion  o f  e jec ta ) .  I t  has 
been commonly thought (cf. , Thomas and Veverka. 1477)  t h a t  the c r a t e r  populat ions on Phobos 
end Deimos are  "saturated" ( i . e .  , i n  equi 1  i b r i um wi tii the c r a t e r i n g  process) because c r a t e r  
d e n s i t i e s  approach a  l una r  " sa tu ra t i on  curve" due t o  Hartnann. But the  d i f f e rences  bet 1 
mart ian s a t e l l i t e s  and the  Moon described above y i e l d  d i f f e r e n t  expected s a t u r a t i o n  den- 
s i t i e s .  I n  p a r t i c u l a r ,  one would expect h i  her sa tu ra t i on  dens i t i es  on mar t ian  s a t e l l i t e s ,  
f o r  a t  l e a s t  two reasons: (1 )  Marcus (19707 has shown t h a t  the e q u i l i b r i u m  c r a t e r  dens i ty  
var ies inverse ly  as the  logar i thm o f  the dynamic range o f  the  c r a t e r  dimensions. Since 
the l a rges t  c r a t e r  on Phobos i s  much smal ler  than l una r  basins, t he  s a t u r a t i o n  dens i t y  o f  
small c ra te rs  on Phobos should be higher than f o r  c r a t e r s  of the same s i z e  on the t'loon. 
(2) To the ex ten t  t h a t  c r a t e r  e jec ta  a re  w ide ly  d i s t r i b u t e d ,  hence t h i n ,  on small bodies, 
moderately l a rge  c r a t e r s  on small bodies cannot be o b l i t e r a t e d  by b lanket ing,  whereas 
those proximate t o  c r a t e r i n g  events can be o b l i t e r a t e d  on l a rge  bodies. 
Further ana lys is  o f  c r a t e r i n g  on small bodies i s  required,  b u t  i t  seems l i k e l y  t h a t  
the apparent ly sub-saturated c r a t e r  populat ions on Phobos and Deimos imply t h a t  the  sur-  
faces of  these bodies a re  r e l a t i v e l y  "fresh." This cou ld  have resu l ted  from the c rea t i on  
o f  these s a t e l l i t e s  by fragmentation o f  l a r g e r  precursor bodies a t  a t ime s u f f i c i e n t l y  re-  
cent  t h a t  s a t u r a t i o n  has no t  y e t  been reached. Such a s i t u a t i o n  i s  no t  unreasonable, s ince 
the probabi 1 i ty o f  ca tas t roph ic  f ragmentat ion becomes la rge  as sa tu ra t i on  i s  approached, 
provided (as seems t o  be t r u e  f o r  c ra te rs  l a r g e r  than about 1 km) the s lope o f  t h e  incre-  
mental power-law descr ib ing the c r a t e r i n g  d i s t r i b u t i o n  has an absolute value $3. Surely, 
i n  the as te ro id  b e l t ,  and poss ib l y  near Mars, the  impact ra tes  are  so h igh  t h a t  the  l i f e -  
times of small bodies a re  much sho r te r  than the age of  t he  s o l a r  system. Therefore, c r a t e r  
counts on asteroids w i l l  p rov ide in format ion p e r t i n e n t  t o  recent epochs on l y  and cannot 
shed l i g h t  on absolute o r  r e l a t i v e  chronologies o f  e v e n s  happening e a r l i e r  i n  s o l a r  sys- 
tem h i  s tory .  
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DISCUSSION 
VEVERKA: Could you sumlr~arize f o r  me the  physics o f  breaking up an ob jec t?  
CHAPMAN: There i s  a c e r t a i n  k i n e t i c  energy i n  the p r o j e c t i l e ,  which i s  w e l l  defined and 
,* 
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CHAPMAN: That i s  r i g h t .  What i s  t he  s i z e  d i s t r i b u t i o n  of c r a t e r  e jec ta  o r  fragments o f  
some l a r g e  broken up as tero id? We don ' t  have any experiments on t h i s  scale. Cer ta in l y  
'q . experiments have been done over a  range of s izes on a  labora tory  scale,  and I be1 ieve  
, , , 
t he  basic physics i s  understood. When you impact something a  shock wave w i l l  propagate . .'! i : 
. . 
across the  body. You are  going t o  depos i t  more energy per u n i t  volume near the p o i n t  , - I  j . 
of impact than you do fa r the r  away. So on a  q u a l i t a t i v e  l e v e l ,  a t  leas t ,  one can be . .  _ 
q u i t e  sure the t a r g e t  i s  smashed up i n t o  a  l o t  of small p a r t i c l e s  r i g h t  a t  the p o i n t  
, , 
where the impact occurred. The f a r  s ide  of the  body w i l l  s p l i t  apa r t  i n t o  a  few b i g  .4 
pieces simply because a  few f rac tu re  planes went through. I would add, however, t h a t  . . 1 8  
t he  v e l o c i t y  associated w i t h  the r e s u l t i n g  fragments i s  a l so  c r i t i c a l .  The low g r a v i t y  
of an as te ro id  i s  a  very fundamental c h a r a c t e r i s t i c ;  u n l i k e  the  Moon where a l l  the  
e jec ta  f a l l s  back, f o r  an as te ro id  some r e a l l y  s i g n i f i c a n t  f r a c t i o n  of t he  e jec ta  es- i - ; I 
capes. 1 : , !  
ZELLNER: What i s  the  t ime sca le  i n  the present as te ro id  b e l t  t o  c r a t e r  a  f r e s h l y  broken , 
sur face? i 
, i CHAPMAN: The lunar  mare surfaces are  saturated w i t h  c r a t e r s  l ess  than about 100 m i n  diam- 
. . 
e te r .  So i f  you are  t a l k i n g  about t h a t  s i z e  c r a t e r  and if the  t ime sca le  i s  th ree 
orders of magnitude sho r te r  than f o r  the  Moon, then the surface i s  c ra tered i n  about 
4 m i l l i o n  years. 
VEVERKA: There i s  a  d i f fe rence Detween an e q u i l i b r i u m  dens i t y  and a  sa tu ra t i on  dens i ty .  ,, l o  
The l a t t e r  i s  determined by seeing how many c i r c l e s  o f  a  given diameter you can f i t  
i n t o  a  g iven area. But there  w i l l  be fewer c r a t e r s  of a  g iven s i z e  i n  the  equ i l i b r i um , 
. 1  
s i t u a t i o n  because i n  the r e a l  wor ld c ra te rs  are  destroyed by a  v a r i e t y  of processes ) '. 
which are  not  modeled adequately by simply drawing c i r c l e s  on a  plane. Even on a  small . .' 1 
as te ro id  c ra te rs  are  af fected by e jec ta  from other  c r a t e r i n g  events, bu t  t he  e f fec t  may , 
n o t  be as important  as i t  i s  i n  the case of the  Floon. Thus we might expect c r a t e r  den- , 
s i t i e s  higher than those i n  the lunar  uplands, bu t  s t i l l  below the theo re t i ca l  satura- 
t i o n  l i m i t .  The important  quest ion i s  how much higher might  t he  e q u i l i b r i u m  c r a t e r  1 1  
dens i t i es  on a  small body be? I / (  I I 
SHOEMAKER: Q u a n t i t a t i v e l y ,  the  lur jar  c r a t e r  equ i l i b r i um d i s t r i b u t i o n  i s  the r e s u l t  of the i : 
. , smal ler  c r a t e r s  dest roy ing the b i g  ones hy l o c a l  t ranspor t  of sur face ma te r ia l .  Q u a l i -  I , , + .  , 
t a t i v e l y ,  you would expect the  same th ing  t o  happen on Phobos and Deimos because most j , 
of t he  e jec ta  t h a t  escape from these moons i s  swept up again. If you a r e  c o r r e c t  about ' 
as tero ids ,  t h a t  m o s ~  -f the e jec ta  are  l o s t .  t he  e q u i l i b r i u m  dens i ty  w i l l  be higher.  
CHAPMAW: What i s  happening on the Moon happens the way you say i t  does because of the  s i z e  
d i s t r i b u t i o n  of small e jec ta .  Marcus (1970) discussed the  s i z e  d i s t r i b u t i o n  of l a r g e r  
I '  c r a t e r s  on the  Moon f o r  which the  ?reduction func t i on  has a  shal lower slope. I t h i n k  
, ,,. 
,'; 
' I  
i , , I . *  
h i s  concept i s  re levan t  f o r  i n t e r p r e t i n g  the  number o f  moderately l a r g e  c r a t e r s  on , , .  ' t <  
Phobos o r  on any as tero id .  I agree when you g e t  down t o  the  smal les t  c ra te rs ,  where 
the s i z e  d i s t r i b u t i o n  i s  very steep, then i t  happens as you descr ibe.  
GROSSMN: You say t h a t  the impact ra tes  i n  the as te ro id  b e l t  a re  so h igh  and f o r  many 
% t * ;  
1 , .  
' I  I as tero ids  a very l a r g e  f r a c t i o n  of impact e jec ta  may be l o s t  from the  body completely. i t ,  Has very much a t t e n t i o n  been pa id  t o  the ~ o s s i b i l i t y  t h a t  the  r e g o l i t h s  on some o f  I i  1 those bodies, maybe many of them, may no t  be from t h e  body i t s e l f  bu t  from others? CHAPMAN: Yes, I th ink  t h a t  has been thought about. You can apply t h i s  k ind  of ana lys i s  
t o  see what happens when a  g r a i n  of sand o r  a  t i n y  1  i t t l e  pebble impacts a  l a rge  as te r -  
* "  
o id.  I f  you are  i n  a  regime where you are l os ing  most of the  mass by b i g  impacts, you I . 
1 / 
w i l l  probably lose most o f  the  e jec ta  from small impacts, too. The v e l o c i t y  of the  
e jec ta  depends mainly on the v e l o c i t y  of the  impact and i s  near ly  independent o f  t he  
mass o f  the  p r o j e c t i l e .  The small impacts there fore  produce erosion,  too, and there  
i s  a  net  erosional  regime on a l l  as te ro id  surfaces. On the  Moon, where you may cr may 
no t  have ne t  erosion, m t t e o r i  t i c  mater ia l  accounts f o r  2% of t he  reg01 i th.  I t  i s  
going t o  be less  than t h a t  on any as tero id .  + .  
> .  
ANDERS: The amount o f  extraneous ~ l i e t e o r i t i c  ma te r ia l  i n  gas- r ich  achondr i tes ranges be- I 
tween 0.3 and about 5%. So, judging from these meteor i tes,  the  amount of extraneous I 
ma te r ia l  t h a t  f a l l s  on as te ro ida l  r e g o l i t h s  i s  indeed a  small f r ac t i on .  
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h lsh  i s  responsible,  I th ink ,  f o r  the  
e low v e l o c i t y  e jec ta  tend t o  move 
s an e x c i t i n g  p o t e n t i a l .  If i t  were 
s. I t  i s  an experimental f a c t ,  whether 
r e  c lean and stand out. A1 though 
n t .  I d o n ' t  know whether t h i s  e f fec t  
o r  now I am prepared t o  defend i t .  
t h i s  i s  t h e  f i r s t  t ime t h a t  idea has 
c r a t e r  r im? My phys ica l  
and then lands. ( I  am no t  
i s o l a t e d  reg ion of t he  as te ro id  b e l t  fenced o f f  from everywhere e l s e  by several reso- 
nances. The la rges t  ob jec t  i n  there  i s  434 Hungaria which i s  a small ob jec t ,  about 
10 km. I t  i s  no t  r e a l l y  a fami ly ;  there  i s  a group of th ings t h a t  are probably f rag- 
ments from Hungaria gathered around i t  and some more dispersed ob jec ts  which are  very I 
u n l i k e l y  t o  be d i r e c t  c o l l i s i o n  e jec ta  from t h a t  ob jec t .  They are  t y p i c a l  PLS objects,  
1 km size.  So i n  t h i s  reg ion  of the  as te ro id  b e l t ,  as f a r  as we know, there  i s  no way 
t o  rep lace what gets destroyed. You may say they d o n ' t  c o l l i d e  much because t h e i r  I ( \ 
semimajor a x i s  i s  1.9 AU. That doesn ' t  r e a l l y  ho ld  up too we l l  because a l o t  of as ter -  
o ids  g e t  i n t o  t h a t  reg ion and t h e i r  c o l l i s i o n s  w i t h  t h e  Hungarias occur a t  h igh velocity. 
You make up f o r  t h e  s m a l l  number o f  c o l l i s i o n s  w i t h  Jery c a t a s t r o p h i c  c o l l i s i o n s .  
Somehow o r  o t h e r  t h e  Hungar ias a r e  p reserved .  You m i g h t  say i t  a l l  b r o k e  up yes te rday  
and some o f  t h e  f ragments had much nlore v e l o c i t y  than  we thought .  P u t  the11 a l l  t o g e t h e r  
and most o f  t h e  mass i s  s t i l l  i n  434 Hungar ia .  
CHAPMAN: Another  example wh ich  i s  ve ry  p e c u l i a r  i s  t h e  s i z e  d i s t r i b u t i o n  o f  a s t e r o i d s  be- 
tween t h e  2 : l  and 3 :2  c o n m e n s u r a b i l i t i e s  w i t h  J u p i t e r .  They a r e  o u t s i d e  t h e  main b e l t  
b u t  shou ld  have f a i r l y  s i g n i f i c a n t  c o l l i s i o n  i n t e r a c t i o n s .  Yet, t h e r e  a r e  no s l l la l l  
a s t e r o i d s  i n  t h i s  r e g i o n ;  they a r e  a l l  l a r g e .  The PLS tu rned  up a lmos t  no new a s t e r -  
o i d s  j u s t  i n t e r i o r  t o  t h e  H i l d a s .  
SHOEMAKER: An i m p o r t a n t  i s s u e  h e r e  i s  t h e  s i z e  d i s t r i b u t i o n  o f  f rag~nen ts .  There i s  an 
easy " k i t c h e n  exper iment"  one can do t o  see what k i n d  o f  fragment d i s t r i b u t i o n s  you  g e t  
when you a r e  r i g h t  a t  t h e  t h r e s h o l d  between making ,I c r a t e r  on an o b j e c t  and knocking 
t h e  t h i n g  a p a r t .  A l l  you  need i s  a  h u n t i n g  r i f l e  and a  c o l l e c t i o n  o f  rocks .  W i t h  a  
l i t t l e  e x p e r i m e n t a t i o n  you w i l l  f i n d  t h e  c r i t i c a l  r o c k  s i z e .  Once you  pass t h e  th resh-  
o l d  o f  c a t a s t r o p h i c  f ragmenta t ion ,  l o t s  o f  f i n e  f r a g ~ ~ ~ e n t s  a r e produced. Bu t  t h e r e  i s  
a  c r i t i c a l  i n t e r v a l ,  as t h i s  t h r e s h o l d  i s  approached, where a  p e c u l i a r  v a r i a t i o n  i n  t h e  
d i s t r i b u t i o n  o f  l a r g e  fragments r e l a t i v e  t o  l i t t l e  p i e c e s  i s  found. When I l o o k  a t  t h e  
magni tude d i s t r i b u t i o n s  o f  d s t e r o i d s  i n  some o f  t h e  Hi rayan~a f a m i l i e s  i t  rerninds me o f  
t h i s  c r i t i c a l  range. 
CHAPMAN: The paper  by F u j i w a r a  ct d l .  (1977)  hds sollle in lp rove i~~en ts  i n  t h e  theory  of s i z e  
d i s t r i b u t i o n s  from such m a r g i n a l l y  c a t a s t r o p h i c  even ts  and I t h i n k  t h a t  reg ime i s  b e t t e r  
understood now. 
VEVERKA: When I s a i d  t h a t  t h e  phys ics  m i g h t  be d i f f e r e n t  i n  t h e  case o f  a  t y p i c a l  a s t e r o i d ,  
what I had i n  mind i s  t h a t  even b e f o r e  an a s t e r o i d  s u f f e r s  t h e  u l  t i rna te  c a t a s t r c l p h i c  
impac t  wh ich  demol ishes i t ,  i t  has a l r e a d y  s u f f e r e d  a  whole s e r i e s  o f  s l i q h t l y  l e s s  
severe  c o l l i s i o n s  wh ich  have caused a  l o t  o f  i n t e r n a l  f r d c t u r i n y  and weakening. Thus 
when t h e  b i g  impac t  does t a k e  p lace ,  how t h e  a s t e r o i d  cones a p d r t  111ust be d e t o ~ l r i r i e d  
i n  p a r t  by how i t  was p r e - f r a c t u r e d .  
SHOEMAKER: G a u l t  and Wedekind (1969) d i d  a  r e l e v a n t  exper iment  i n  wh ich  they r e p e a t e d l y  
f i r e d  p r o j e c t i  l e s  a t  spheres. Da~nage was accun~u la ted  i n  t h e  spheres. Thei 1% expet-i l l lent 
i s  an i d e a l i z e d  v e r s i o n  o f  t h e  p r o b l e ~ r ~ .  b u t  I t h i n k  t h a t  t h e i r  r e s u l t s  q i v e  d q u a n t i -  
t a t i v e l y  c o r r e c t  p i c t u r e .  
CHAPMAN: I t  i s  q u i t e  c l e a r  t h a t  t h e r e  ought  t o  b e  many impacts on the  l a r g e r  a s t e r o i d s .  
l a r g e r  than  50 kni o r  so  i n  d iamete r ,  t h a t  a r e  s u f f i c i e n t  t o  break t h e  o b j e c t  up b u t  
i n s u f f i c i e n t  t o  l o f t  l a r g e  p i e c e s  i n t o  space. B e f o r e  you c a t a s t l ~ o p h i c a l l y  r u p t u r e  
s m e t h i ~ i g  e n t i r e l y  and d i s p e r s e  i t  i n t o  a  Hit-ayama f a l l l i l y ,  you  w i l l  have c r e a t e d  b a s i -  
c a l l y  a  p i l e  o f  bou lders .  
